Context. Ring-like distributions of the 6.7 GHz methanol maser spots at milliarcsecond scales represent a family of molecular structures of unknown origin associated with high-mass young stellar objects (HMYSOs). Aims. We aim to study G23.657−00.127, which has a nearly circular ring of the 6.7 GHz methanol masers, and is the most suitable target to test hypotheses on the origin of the maser rings. Methods. The European Very Long Baseline Interferometry Network (EVN) was used at three epochs spanning 10.3 yr to derive the spatio-kinematical structure of the 6.7 GHz methanol maser emission in the target. Results. The maser cloudlets, lying in a nearly symmetric ring, expand mainly in the radial direction with a mean velocity of 3.2 km s −1 . There is an indication that the radial component of the velocity increases with cloudlet's distance from the ring centre. The tangential component does not show any clear evidence for rotation of the cloudlets or any relationship with distance from the ring centre. The blue-shifted masers may hint at an anticlockwise rotation of cloudlets in the southern part of the ring. The nearly circular structure of the ring clearly persisted for more than 10 yr. Interferometric data demonstrated that about one quarter of cloudlets show significant variability in their brightness, although the overall spectrum was non-variable in single-dish studies. Conclusions. Taking into account the three-dimensional motion of the maser cloudlets and their spatial distribution along a small ring, we speculate about two possible scenarios where the methanol masers trace either a spherical outflow arising from an (almost) edge-on disc, or a wide angle wind at the base of a protostellar jet. The latter is associated with near-and mid-infrared emission detected towards the ring. High angular resolution images of complementary (thermal) tracers are needed to interpret the environment of methanol masers.
Introduction
Methanol masers at the 6.7 GHz transition are one of the signposts of high-mass star formation regions (e.g. Menten 1991 , Breen et al. 2013 ), but it is not yet clear what structures or processes in the protostellar environment they actually trace. For instance, interferometric studies of the masers revealed the kinematics to be related to slow motions of radial expansion and rotation around a disc axis in G23.01−0.41 (Sanna et al. 2010 ), but dominant infall motions prevailed in Cep A−HW2 , Sanna et al. 2017 ) and AFGL 5142 MM−1 (Goddi et al. 2011) . These results support two scenarios where the maser emission comes from the intermediate region between the outflow and the rotating envelope in one case, and from the accretion disc in the other.
A suite of maser morphologies has been observed in several high-mass young stellar objects (HMYSOs, e.g. Bartkiewicz et al. 2009 , 2016 , Pandian et al. 2011 ), but G23.657−00.127 is particularly unique (Bartkiewicz et al. 2005) . The source was discovered in an unbiased survey of the 6.7 GHz methanol maser line (Szymczak et al. 2002) . It displays a complex and relatively faint spectrum that is broader than 11 km s −1 . Imaging with the European Very Long Baseline Interferometry Network 1 (EVN) in 2004 revealed that the maser spots are distributed in a nearly circular ring of ∼127 mas radius and a width of ∼29 mas (Bartkiewicz et al. 2005) , which correspond to 405 and 95 au, respectively, for the trigonometric parallax distance of 3.19 +0.46 −0.35 kpc (Bartkiewicz et al. 2008) . Such a morphology can be interpreted as the methanol masers arising in a spherical bubble or in a disc seen nearly face-on or in an outflow oriented exactly towards the observer (Bartkiewicz et al. 2005) . Gemini observations with a resolution of ∼150 mas revealed that the peak of the 2.12 µm emission nearly coincides with the centre of methanol ring, and that the source morphology is fan shaped, suggesting scattered and/or reflected emission off the walls of the outflow cavity (De Buizer et al. 2012) . The bolometric luminosity of the source derived by Mottram et al. (2011a) rescaled to the distance of 3.19 kpc is 6×10 3 L and is fully consistent with De Buizer et al.'s (2012) estimate implying a ∼10 M central star of spectral type B1 (Mottram et al. 2011b, their Table 1 ). Observations of 13 CO (1−0) and NH 3 lines indicate a systemic velocity of 80.5 km s −1 (Urquhart et al. 2008 (Urquhart et al. , 2011 .
In this paper we report the results of EVN methanol maser observations of the target in order to determine the spatiokinematical distribution of the masing gas. Preliminary results, considering only two-epoch data, were presented in Bartkiewicz et al. (2014 Bartkiewicz et al. ( , 2018 .
Observations and data analysis
The target was observed in the 6668.5192 MHz methanol line at three epochs using the EVN (Table 1 ). The phase-referencing technique was applied, using J1825−0737 as a reference. The bandwidth was set to 2 MHz and divided into 1024 channels, yielding a channel separation of 0.09 km s −1 . In order to increase the signal-to-noise ratio (S/N) for the phase-reference source, dual circular polarisations were observed with eight 2 MHz baseband converters during the second and third epochs.
The data were analysed with standard procedures for spectral line observations from the Astronomical Image Processing System (AIPS). The absolute accuracy of single spot positions was estimated to be about 2 mas in RA (i.e. 0.1 ms) and 5 mas in Dec (Bartkiewicz et al. 2009 ). The absolute coordinates of the brightest spots with their uncertainties in each epoch are listed in Table 1 . As we are interested in the detailed internal motions of masers, we instead relied on the relative motions. Therefore, FRING was used on the spectral channel with the most stable and brightest maser emission, the feature that is at the LSR velocity of ca. 82.5 km s −1 . This relates all maser positions to this feature at every epoch and has the additional advantage that it excludes motions due to the annual parallax and Galactic rotation. Moreover, as the maser is bright enough, it also provides the highest possible signal-to-noise ratio (S/N). The accuracy of relative positions of the maser spots depends on the S/N ratio of the spots and the beam size and were better than 0.1 mas at each epoch.
In order to study the proper motions, we applied the following procedure, which was previously used successfully for different masers with diverse morphologies (e.g. Goddi et al. 2011 , Moscadelli et al. 2006 ). The position, intensity, and radial velocity of all the maser spots in the source were determined for the three epochs using two-dimensional Gaussian fits. Groups of maser spots with S/N>10 were identified and called cloudlets if the emission occurred in at least two contiguous spectral channels and coincided in position within half the synthesized beam (e.g. Sanna et al. 2017) . Persistent maser cloudlets were identified over the epochs when they showed reliable linear motions and a bright and not highly variable spectral feature. Motions were derived via linear fits of cloudlet displacements over the three epochs. Assuming that the maser motion is on average symmetric with respect to the HMYSO, the average proper motion of all persistent cloudlets was subtracted from the proper motion of each cloudlet. This way, we define a centre of motion approximating the HMYSO's rest frame, with respect to which we calculated the proper motions. This method is equivalent to calculating the geometric mean of position at single epochs for all maser cloudlets that persisted over three epochs and referring the proper motions to this point.
Since the G23.657−00.127 shows widespread, almost circular symmetric methanol masers, we also made use of fitted ellipses to the maser distribution in each epoch and derive the proper motions relatively to the centre of the ellipse. The ellipses were fitted to persistent (flux-weighted) cloudlets using the code by Fitzgibbon et al. (1999) . Next, we aligned the centres of best fitted ellipses to the second and third epoch data with respect to the first epoch and constructed the averaged proper motion vectors, meaning the displacements between spots at two different epochs within a cloudlet were summed and divided by the number of spot pairs for each cloudlet. In this approach, we assumed that the centre of the ellipse coincided with the HMYSO position, and we removed any bulk motion of the ring in the plane of the sky to obtain the proper motions of masers relative to the HMYSO.
Results
We detected more than 300 maser spots in the velocity range from 72.5 to 87.9 km s −1 at each epoch. The maps of the maser distribution shown in Fig. A .1 indicate that the overall structure of the ring is persistent.
Using the first procedure described in Sect. 2, the positional offsets of the maser cloudlets at each observing epoch were calculated, and a linear fit of the relative proper motion was done for each persistent cloudlet ( Fig. A. 2). The resulting proper motions of these cloudlets are displayed in Fig. 1 . The magnitudes of the proper motions of the maser cloudlets range from 0.04 to 0.36 mas yr −1 , which correspond to a velocity of 0.63 to 5.4 km s −1 for the distance of 3.19 kpc.
Consistent results of proper motions were obtained by applying the method of ellipse fitting, when we excluded the blueshifted cloudlet to the SW. The major axis of the best fitted ellipses increased by about 2.34 mas, corresponding to 7.5 au between epochs E1 and E3. The parameters of the best fitted, fluxweighted ellipses, together with their uncertainties calculated using the bootstrap method for 20000 iterations (Press et al. 2007) , are listed in Table 2 . The mean proper motions between epochs E1-E2 and E1-E3 are presented in Fig. 1 . The centre of the ellipse fitted to E1 data is only 35 mas shifted from the centre of motion. Since the first procedure, using the centre of motion, is independent from the maser morphology and takes into consideration all persistent cloudlets, we continue with these results.
A dominating signature of radially outward moving maser cloudlets is clearly detected. We calculated their radial and tangential components relative to the centre of the ring; the results are shown in Fig. 2 . The majority of maser cloudlets show a preferentially outward, radial motion (∼0.5 to 5.4 km s −1 ) in the sky. Tangential components of average value of 0.7 km s −1 hint at an anticlockwise rotation of cloudlets in the southern part of the ring but they do not show any consistent rotation pattern in the northern side. A similar effect is seen when we compare the position angle (PA) of a maser cloudlet and the position angle of its proper motion, PA PM (Fig. 3) . The blue-shifted masers, at a range of position angles from 90 o to 270 o (north to east), show higher values of PA PM than the PA values, indicating a nonradial component. For the red-shifted cloudlets, the orientation of proper motions and the position angle of the cloudlets are similar (ranges from 0 o to 90 o and 270 o to 360 o ). There is a weak indication that the radial component of velocity increases with the cloudlet's distance from the ring centre ( Fig. 4 ). However, by removing the blue-shifted cloudlet at 73.7 km s −1 strongly reduces the statistical significance of the correlation. The tangential velocity component does not show any relationship with distance from the barycentre (Fig. 4) .
The emission in the ring is clearly split between a southern and a northern part; the position angle of the cutoff line is about 80 • counting from north to east ( Fig. A.1) . In order to verify the Notes. 1 taken from Bartkiewicz et al. (2009) The centre of motion, defined in Sect. 2, is marked by the plus sign. Its relative coordinates to the brightest spot in E1, as given in Table 1 , are (−31.6145 mas, −88.7120 mas). The cloudlets are marked by filled circles, their sizes are proportional to the peak brightness at the first epoch. Their colours correspond to the local standard velocity scale presented in the vertical wedge. The black arrows indicate the best fits of the relative proper-motion for the three epoch data with the uncertainties marked by the grey triangles. The dotted ellipse traces the best flux-weighted fit to all cloudlets (except the SW blue-shifted one) as detected at E1. The centre of the ellipse is marked by the cross (Table 2) . Right: Proper motions estimated via ellipse fittings and aligning their centres. The (0,0) point, marked by the plus sign, corresponds to the centre of the best fitted ellipse to E1 ( Table 2 ). The black arrows represent the averaged proper motion vectors, defined as in Sect. 2, between E1-E2 and E1-E3 data.
internal motions in the ring in a way that is independent from the assumed centre, we calculated the change of separations between maser spots (not cloudlets) from these two parts between epochs E1 and E3. It also provided more statistics; the southern part consists of 136 spots, and the northern one 114 spots. For the majority of spot pairs, the separation increased ( Fig. 5 ), supporting the expansion scenario. The mean and median separations are 210 mas and 218.4 mas, and 212.7 mas and 219.3 mas at E1 and E3, respectively. The mean and median values of change in the separation after 10.4 yr are 2.17 and 2.20 mas, respectively.
Here, a 2 mas displacement over 10.3 yr corresponds to a velocity of 2.9 km s −1 .
The spectrum of the emission at each epoch is very complex, with several velocity components blended together. Gaussian component fits to the spectra are shown in Fig. 6 . From the first epoch (hereafter E1), 40 cloudlets are fitted with Gaussian profiles. Most of them (27) represent a single Gaussian component, while the rest are blends of two to five components. In the second epoch (hereafter E2), there are 29 cloudlets with a single Gaussian profile and seven, three, and one cloudlets composed of two, three, and five Gaussians, respectively. In the third epoch (hereafter E3), 35 cloudlets showed a single Gaussian velocity profile, eight double, two triple, and one with five Gaussian components. Typical full width at half maximum (FWHM) of the best fitted Gaussian was from 0.2 to 0.4 km s −1 . Gaussian fits were not found for seven, eleven, and twelve groups of spots at E1, E2, and E3, respectively. The parameters of the best Gaussian fits for the 34 persistent cloudlets at each epoch are listed in Table A .1.
Discussion
We discuss two major aspects of the G23.657−00.127 methanol maser ring; the variability of discrete cloudlets and the origin of its structure.
Variability
The 6.7 GHz methanol maser spectrum of the target remains constant within 10% over nearly 20 yr ). However, our present EVN observations revealed significant changes in the intensity of individual cloudlets over the whole range of velocity ( Fig. 6 ), which were not detected in the poorer signal-to-noise ratio observations and without any possibility of distinction of blended spectral features. Nine cloudlets consisting of at least two Gaussian components showed complex structures at all three epochs. The most complex was cloudlet 31 (Table A .1), which had five Gaussian profiles, but their intensity varied by 20-50% on timescales of 2−10 yr. There were 10 to 14 cloudlets of brightness below 0.4 Jy beam −1 that appeared at one epoch only and nine cloudlets were seen at any two out of three epochs. The appearance and disappearance of cloudlets does not show any clear dependence on the location in the ring. We estimated the average lifetime of an individual maser cloudlet in the source from the percentage of cloudlets that either appear or disappear over the intervals of 8.3 and 10.3 yr. At E2 and E3, the mean numbers of new and vanishing cloudlets were 12 and 14, respectively, relative to that seen at E1. This implies that about 20 and 24% of cloudlets appeared or disappeared at the respective epochs for an average lifetime of ∼40 yr. This crude estimate is a factor of four lower than that obtained from a statistical analysis of maser features from single dish spectra for 21 targets observed at two epochs spanned by a decade (Ellingsen 2007) . This shorter lifetime of maser cloudlets can be related to the specific case of our target, for example related to internal instabilities of the masing region, which may reduce the velocity coherence along the path of maser rays. However, it is predominantly affected by different statistics and by differences in the interferometric and single-dish data. Higher resolution observations with a possibility of distinction of blended, weak spectral features are particularly valuable in such studies.
The maser emission is heavily resolved out with the EVN telescope; more than 70% of the flux is missing when compared to that from the single-dish observations. This indicates that the majority of the emission may come from extended regions of low brightness. The width of the ring as measured with the EVN was 95 au (Bartkiewicz et al. 2005 ) and has been stable in E2 and E3, thus, at a distance of 405 au from the central star, we estimate that the tangential mean path length of the maser rays is ∼400 au. This is still much less than a typical model assumption of 6700 au (Cragg et al. 2002) . It is also at the lower end of the maser path lengths derived from the statistical analysis of the size of 60 sources observed using the EVN, with a mean value of ∼1000 au . Such a relatively short path of maser amplification can be one of the reasons for significant variability of several cloudlets in the source.
Where does the expanding maser ring come from?
The present study provides the first constraints on the origin of the methanol maser ring in G23.657−00.127. The maser emission arises from an almost circular structure of radius 405 au with two gaps along the direction at position angle ∼80 • ; the velocity field traced by the masers reveals an outward radial motion with a mean velocity of 3.2 km s −1 . This spatio-kinematical structure might resemble that predicted by MHD modellings in the inner circumstellar envelope of very young stars (Seifried et al. 2012 , Kuiper et al. 2015 , Matsushita et al. 2018 ). Simulations of outflows formed during the collapse of massive (100M ) cloud cores reveal that the morphology of outflows launched from the disks by magneto-centrifugal acceleration strongly depends on the magnetic field strength. For instance, for slightly supercritical values of the mass-to-flux ratios µ ≈ 5, that is to say, for strong magnetic fields (B≈0.7 mG), the outflow has a sphere-like morphology at an early stage of evolution (∼4000 yr), expanding with roughly the same velocity up to 5 km s −1 in all directions (Seifried et al. 2012, their Fig. 7) .
In the following, we highlight pros and cons of this scenario (Scenario I, Fig. 7 ) applied to interpreting the maser ring. The source G23.657−00.127, similarly to other methanol maser sources showing a ring-like morphology, is not associated with bright H II emission at cm wavelengths (Bartkiewicz et al. 2009 ), nor with water masers (Bartkiewicz et al. 2011 , Urquhart et al. 2011 or hydroxyl masers (Szymczak & Gérard 2004) . This evidence would suggest that G23.657−00.127 is at an early stage of evolution, in agreement with the simulations by Seifried et al. (2012) . On the other hand, De Buizer et al. (2012) detected near-(NIR) and mid-infrared (MIR) extended emission towards the ring; if this emission were directly associated with the source driving the methanol masers, then the assumption of a star at an early stage of evolution would be questionable. Furthermore, in Fig. 7 of Seifried et al. (2012) the gas density along the outer front of the expansion changes significantly, and a spherical distribution of maser cloudlets might be difficult to see. Nevertheless, both the values of mass outflow rate (10 −4 M yr −1 ) and momentum rate (10 −4 M km s −1 yr −1 ) calculated by Seifried et al. (2012) are consistent with those expected for an early stage of star formation like in G023.01−00.41 or AFLG 5142 (Goddi et al. 2011) . Similar calculations for masers in G23.657−00.127 as presented in details in Goddi et al. (2011) , who considered a sphere-like outflow, lead to values of the mass-loss rate of 3.9 × 10 −3 n 8 M yr −1 and the momentum rate of 6.3 × 10 −2 n 8 M yr −1 km s −1 of the molecular flow, where n 8 is the ambient volume density in units of 10 8 cm −3 . This calculation assumes the average distance of masers from the protostar of 405 AU and the average maser velocity of 16 km s −1 .
Following Scenario I, we note that a peculiar feature of the maser distribution is the emission-free part of the maser ring along a line at PA ∼80 • (N to E) ( Fig. A.1) . This region might mark the mid-plane of a circumstellar disc, and the masers would expand above and below this plane. In this respect, if other methanol maser rings were also related to a very young (almost spherical) outflow, they would also expand with constant eccentricity, showing a gap between red-and blue-shifted cloudlets. This prediction can be verified observationally in the near future. Nevertheless, the orientation of this emission-free region is also consistent with the elongation of the NIR emission reported by De Buizer et al. (2012, their ( Fig. 7) : the HMYSO would still lie at the centre of the methanol maser ring, but the masers would now be expanding each side of the jet axis, and would trace a wide angle wind at the base of the protostellar jet. In this scenario, the proper motion and lineof-sight velocity of the masers would be tracing a combination of rotation around and expansion along the jet axis, similarly to what was observed in the maser source G23.01−0.41 (Sanna et al. 2010) .
In order to verify whether one of the above scenarios applies to G23.657−00.127, or if another interpretation is required, we need complementary observations of thermal tracers at high angular resolution (∼0. 1). In this respect, we have started a sensitive (∼ µJy) search of radio continuum emission with the Very Large Array. These observations will be able to detect the ionized gas emission excited by any B-type young star associated with the masers, such that as due to radio thermal jets or hypercompact H II regions, and will allow us to pinpoint the driving source of the masers at a resolution comparable with the extent of the maser ring.
Conclusions
A detailed study of the proper motions of the methanol maser ring G23.657−00.127 clearly indicates that the underlying structure is expanding at a mean velocity of 3.2 km s −1 . The radial components of proper motions dominate over the tangential components. While the overall morphology of the ring has been stable in time, individual maser cloudlets have varied in brightness, suggesting internal instabilities of the masing region. At present, we can speculate about two possible scenarios that might explain the spatio-kinematical structure revealed by the masers. Both interpretations require the presence of a wide-angle wind from a young star, but in one case, the wind would be found at the base of a protostellar jet detected in the near-infrared. Complementary observations of thermal tracers at high angular resolution are needed to discern between the different scenarios. Fig. 1 (left (Fig. 1) . The least square fits to the points and the correlation coefficients and their significance levels are displayed. Three fits are shown for the radial velocity components to verify significance of correlation when the outermost cloudlets are excluded (for clarity, each fit is presented only for the given range of considered data and vertical lines mark the radius ranges): (1) all the data points, (2) the most blue-shifted cloudlet is excluded, (3) cloudlets at radius below 150 mas only. (Table 1 ). The colours of circles relate to the LSR velocities as shown on the right bar. The dotted ellipses trace the best fits to all spots, except the SW blue-shifted ones, detected at each epoch ( Table 2 ). The dashed ellipses indicate the width of the ring as derived in the first epoch data (Bartkiewicz et al. 2005) . The grey lines at PA ∼80 • (N to E) delineate the emission-free part of the maser ring discussed in Sect. 4.2.
A. Bartkiewicz Table A .1. The error bars are magnified by a factor of 10 for clarity, and the time is relative to the first epoch.
